I , A continuous culture technique was used to study the phosphorus requirements of rumen micro-organisms. Solutions of artificial saliva containing 120, 80, 40 and 0 mg inorganic phosphorus (PJ/I were infused into the reaction vessels previously inoculated with rumen contents, resulting in Pi concentrations in the vessel contents of 48, 28, 4 and < 1 mg/l respectively. Various fermentative and synthetic characteristics were examined.
. Further work using suspensions of mixed rumen micro-organisms, frequently P-depleted, have shown the beneficial effects of additional P with respect to increased cellulolytic activity (Burroughs et al. 1951 ; Anderson et al. 1956; Hall et al. 1961 ;  Ammerman et al. 1965; Chicco et al. 1965) and increased N utilization (Burroughs et al. 1951; Bonilla, 1976; Durand et al. 19833) . These studies were made using relatively short-term batch culture techniques and only examined the effects of P on one or at most two products of microbial fermentation and synthesis and it has been suggested that optimal conditions required for one aspect of microbial metabolism may not necessarily apply to other aspects (McAllan & Smith, 1983) . Recently, using a semi-continuous culture technique, a more detailed examination of the effects of P repletion on different aspects of microbial activity confirmed the importance of P in fibre digestion .
Using a continuous-culture rumen simulation technique, the present studies were undertaken to examine simultaneously a number of characteristics associated with degradative and synthetic processes in the rumen in order to ascertain more precisely the minimum P requirements for these processes.
Preliminary reports on parts of this work have been published elsewhere (Komisarczuk et al. 19843, 1985 (Komisarczuk et al. 19843, , 1986 .
MATERIALS A N D METHODS

Inoculum source
Three Suffolk x Blackface wether sheep (60-70 kg), each equipped with simple rumen cannulas (Smith & McAllan, 1970) , were used to provide fresh rumen contents. The animals were given diets consisting of chopped barley straw (0.49), dried sugar-beet pulp (0.29), tapioca (0.20) and urea (0.02). The proportional contribution of each constituent to the total diet is given in parentheses. The diet was given at a level of 1.1 kg fresh weight/d in two equal portions at 09.00 and 17.00 hours and supplied 15-1 g N and 9.4 MJ metabolizable energy (ME)/d which was calculated to be sufficient for maintenance requirements (Agricultural Research Council, 1980) . Samples (approximately 1.5 litres) of rumen digesta as required were taken from each sheep immediately before the morning feed, combined, mixed and strained through four layers of surgical gauze. The pooled, strained sample was used to charge the fermentation vessels within 30 min of collection.
Equipment and diets
The continuous-culture equipment used was that developed by Hoover et al. (1976) as modified by Merry et al. (1987) . This system enables independent manipulation of both solid and liquid outflow rates by means of a dual effluent system. A portion of the effluent is pumped from the vessel continuously at a predetermined rate through a filter (filtered effluent, F,) and the remainder leaves the vessel by means of displacement (displaced effluent, DJ. To prepare a sample representative of the total daily effluent (mixed effluent, Me), portions of F, and D, were combined in proportions related to individual daily outflows.
Both culture vessels received 40 g fresh weight/d of a diet of identical composition to that given to the donor animals. The constituents were individually ground to pass through a 5 mm screen and pelleted together. The pellets were approximately 2.5 mm in diameter and not more than 8 mm in length. The diet was delivered continuously by automatic feeder (Merry et al. 1987) and its chemical composition is shown in Table 1 together with daily inputs of dietary constituents. Artificial saliva (a 60 : 40 aqueous dilution of the artificial saliva described by McDougall, 1948) was infused continuously at a rate of 70 ml/h and F, was removed at a rate of 31 ml/h. 
Experimental protocol, preliminary experiment
In order to reduce the range of inorganic P (Pi) concentrations to be examined, a single preliminary experiment was carried out. The over-all protocol of this experiment is as described later for the main experiments. Two culture vessels were charged with rumen contents containing approximately 500 mg PJ. The control vessel was infused with artificial saliva containing 480 mg 5/1 (resulting in a vessel content of 41 1 mg pi/l) throughout the experiment. The experimental vessel was consecutively infused with artificial saliva containing 480, 250, 100 and 0 mg PJ, which resulted in vessel concentrations of approximately 41 I, 185, 54 and 2 mg &/I respectively. No significant effects were observed on pH, total volatile fatty acids VFA production, molar proportions of VFA, NH, levels or ATP concentrations with vessel levels of 41 I , 185 or 54 mg/l compared with the control vessel. There were considerable differences between vessels for all measurements made when the experimental vessel had no pi infused. It was therefore decided to concentrate our study on vessel pi levels of approximately 50 mg/l and less, corresponding to a salivary supply of 120 mg/l or less.
Experimental protocol, main experiments Each run of the experiment lasted for 22 d and was divided into four periods. Period 1 lasted 7 d and periods 2,3 and 4 for 5 d each. Each vessel was charged with approximately I litre rumen contents. The control vessel was infused continuously with artificial saliva containing 120 mg pi/l (resulting in a vessel pi concentration of 51 mg/l) over the whole experimental period of 22 d. The experimental vessel was infused with artificial saliva containing (mg pi/]) 120 (period I), 80 (period 2), 40 (period 3) and 0 (period 4) which resulted in vessel pi concentrations (mg/l) of approximately 48, 28, 4 and < I respectively (Fig. 1) . Thiamin (200 mg/l) and cysteine monohydrochloride (25 mg/l) were included in the artificial saliva. Reductions in the buffering capacity by elimination of Na,HPO, were balanced by replacement with Na,HCO,, (Table 2) . Each period consisted of equilibration for 2 d (except for period 1 where equilibration for 5 d was allowed) followed by daily sampling over the next 3 d. These periods were found to be adequate in the present system (Merry et al. 1987) . Samples of filtered vessel contents and M, (F,+D,) were taken as described by Merry et al. (1987) . Protozoal numbers, pH, pi and ATP concentrations were (1974) . A sub-sample of the mixed bacteria was analysed immediately for RNA content and the remainder stored at -20 O to await further analysis. Experiments were replicated four times, each with fresh inoculum, with the control and experimental treatments alternating between vessels.
Analytical RNA was determined according to the procedure of McAllan & Smith (1969) and values were used to estimate microbial-N flow as described by McAllan & Smith (1983) . Total-N was determined by the procedure of Smith & McAllan (1970) and carbohydrates by the method of McAllan & . Dry matter (DM), ash and q contents were estimated as described by Smith et al. (1978) and total-P by the method of McAllan & Smith (1977) . NH,-N concentrations and protozoal numbers were determined as described by Merry et al. (1987) and ATP by the procedure of Komisarczuk et al. ( 1 9 8 4~) .
The amounts of organic matter (OM) fermented were calculated from the amounts of VFA produced using the formula proposed by Van Nevel & Demeyer (1 977).
Statistical analysis
Analysis of variance (Snedecor & Cochran, 1972) was used to determine the significance of difference between control and levels within each period by the least significant difference (LSD) where a = 0.05. Replicates were used as a blocking factor, all other effects were pooled to give 21 degrees of freedom. The chemical composition of bacteria was analysed using a paired t test (Snedecor & Cochran, 1972) . (period I), 80 (period 2), 40 (period 3) and 0 (period 4) mg Pi/l ( 0 ; experimental vessel). Results are mean values for four experiments in each period, each experimental value being the mean of three separate daily collections. The vertical bars represent the least significant differences.
R E S U L T S
EfSects of pi concentration on protozoal numbers, p H , NH, and ATP concentrations
The numbers of protozoa found in the liquid phase of culture-vessel contents are presented in Fig. 2(a) . In the control vessels there was a fall in numbers from period 1 to period 2 but these values then stabilized at about 1 x lo5 counts/ml. Numbers in the experimental vessels tended to be slightly lower than those in the control vessels but none of the differences was significant. Concentrations of NH,-N of approximately 13 1 mg/l were found throughout the experiment within the control vessels and in the experimental vessels with q concentrations down to 4 mg/l (periods 1-3) (Fig. 2(c) ). There was however, a significant rise (P < 0.05) in NH,-N concentration to about 240 mg/l in period 4 when the experimental concentration was < 1 mg/l. ATP levels ( Fig. 2(4) in the control vessels were constant throughout at about 14 ,umol/l. Those in the experimental vessels fell progressively with each reduction in concentration and were significantly different from the controls (P < 0.05) in period 4 at about 2.5 pmol/l.
Efects of pi concentration on VFA production and molar proportions Results for both experimental and control vessels are presented in Table 3 . Total VFA produced and the molar proportions of the individual VFA were constant in the control vessel throughout the experiment. In the experimental vessels, when Q concentrations were 48 and 28 mg/l (periods 1 and 2) the corresponding values for the total VFA concentrations and molar proportions of the individual VFA were very similar to those found in the control vessels. When 6 concentrations in the experimental vessel were reduced to 4 mg/l (period 3), there were significant reductions (P < 0.05) in the amounts of total VFA produced, but no significant effects were seen on the molar proportions of the VFA. Further reduction of concentration to < 1 mg/l (period 4) resulted in further reductions in the amounts of total VFA produced. There were also changes in the molar proportions of the individual VFA and propionate increased significantly. Increased butyrate and decreased acetate proportions were also observed, both of which approached significance at the 5% level.
Efects of pi concentrations on carbohydrate digestion
Daily amounts of the monosaccharide components of starch and structural carbohydrates digested in the culture vessels are presented in Table 4 . These were constant in the control Significantly different from corresponding control period values: * P < 0.05 vessels over the whole experiment and represented digestibilities (g digested/g input) of 0.89, 0-65, 0.68 and 0.92 for arabinose, xylose, cellulose-glucose and starch-glucose respectively. Similar amounts of dietary carbohydrates were removed in experimental vessels containing 48 and 28 mg Pi/l (periods 1 and 2). However, digestibilities of arabinose, xylose and cellulose-glucose decreased with c concentrations of 4 mg/l (period 3) and a further reduction in pl, concentration to < 1 mg/l (period 4) resulted in further decreases in the digestibilities of the fibre component-sugars, which were all significant. The amounts of starch-glucose digested were not significantly affected even at the lowest concentration Throughout the experiment there were marked differences between the total amounts of carbohydrate fermented (which probably contributed about 80% of OM fermented) and amounts of OM fermented calculated from VFA production. Similar discrepancies have been observed and discussed by other workers (see Sutton, 1979) Table 5 and averaged 0.49 g/d over the four periods in the control vessel. A similar average value (0.48 g/d) was found over the first three periods with the experimental vessels containing 48, 28 and 4 mg PJ. In period 4, however, microbial-N flow was significantly reduced to about one-half of that obtained in the control vessels. There was no evidence that the efficiency of microbial protein synthesis was affected by pl, concentration.
Phosphorus level and ruinen microbial activity
The compositions of some components of the mixed bacteria isolated during the experiment are given in Table 6 . In bacteria isolated from control vessels, OM content remained constant throughout at about 900 g/kg DM. Similar values were found in bacteria isolated from the experimental vessels over the first three experimental periods but values fell to about 750 g/kg DM in period 4 (< 1 mg F'J). Total-N and total-P concentrations, when expressed as g/kg OM, were constant throughout the experiment in the control vessel with mean values of 85.4 and 14.7 respectively. RNA concentrations (g/kg OM) in the control vessels were more variable with a high value (70.9) in period 1 and a low value (47.8) in period 3, giving an over-all mean of 58.6. Total-N and total-P contents in the experimental vessels over the first three experimental periods were similar to the average values found in the control vessels, but in period 4 fell significantly. Derived N: P values in the control vessels averaged 5.89. The corresponding value of the experimental vessels was very similar in period 1 (5.84) but subsequently increased over the next three periods. RNA contents followed the same pattern as total-N.
Changes in the chemical composition of the isolated bacteria may be indicative of changes in the bacterial population (Merry & McAllan, 1983) .
DISCUSSION
In the present experiments, the value of continuous culture rumen simulation, allowing simultaneous studies of a wide variety of metabolic processes over an extended period of time, has been shown. It is apparent from the present results that all the microbial processes studied were maintained at apparently normal levels with Q concentrations of approximately 30-50 mg/l. This concentration was similar to published rumen microbial requirements of 20-80 mg/l (Anderson et al. 1956; Ammerman et af. 1965; Bryant et al. 1959; Hall et al. 1961; Durand & Kawashima, 1980; Durant et al. 1983a; Milton & Ternouth, 1984) , derived from batch-culture experiments in which the values cited were the concentrations of Pi in the medium at the start of the experiment and therefore may only have been adequate for short-term experiments. Our values, on the other hand, were obtained when the medium was in equilibrium with microbial requirements and are probably more comparable to in vivo situations. However, marked changes in metabolic activities were observed with concentrations of about 4 mg/l or less. Amounts of total VFA produced were markedly reduced, contributing in part to increased pH values and there were indications of changes in the pattern of fermentation with reduced acetic acid and increased propionic acid production. This change in fermentative activity was confirmed by significant reductions in cellulose and hemicellulose digestion with no apparent depression of starch digestion, indicating perhaps a change in the balance of the bacterial population (Latham et al. 1974; Leedle & Hespell, 1984) . Bryant et al. (1959) have suggested a minimum requirement of 20 mg Pi/l for the maximum cellulolytic activity of pure cultures of cellulolytic bacteria, and extreme sensitivity of cellulolytic bacteria to P deficiency has been reported by Durand et al. (1986) . It has also been shown that cellulases isolated from mixed rumen bacteria associated with fibre have specific P requirements and that the enzymes show different affinities for different fibre fractions (Francis et af. 1978 ). It appears that the amylolytic bacteria (or amylases) present in our system may have had lower P requirements than the cellulytic or hemicellulolytic bacteria or corresponding enzymes present.
The increase in NH, concentration observed with the lowest s concentration indicated continuing ureolytic or proteolytic activity, or both, at greater rates than the end-products could be utilized. If one assumes that the daily outflow of total-N minus (NH,-N plus microbial-N) represents the daily flow of undegraded dietary N, it can be calculated that undegraded dietary N outflows in the control vessels, and experimental vessels in period 4, were 264 and 282 mg/d respectively. These values are not significantly different which suggests that proteolytic or ureolytic activity, or both, was not affected by s depletion.
ATP is essential for metabolic activity and contains about 180 g P/kg. It was the first measured index most affected by P depletion. ATP is a transient entity which is difficult to measure accurately. Differences observed in vivo in ATP concentrations have been attributed to changes in numbers of protozoa (Wallace &West, 1982; Nuzback et al. 1983 ). However, protozoal numbers in the liquid phase of the vessel contents in our experiments did not vary significantly throughout and it seems unlikely that the relatively small apparent drop in numbers during period 4 could account for the large (almost 90%) reduction in ATP concentration.
It appeared that protein synthesis could be maintained with reduced ATP concentrations (period 3) and it is possible that P from ATP might contribute to the maintenance of nucleic acid synthesis which accounts for about 80% of the cellular P requirements (Van Nevel & Demeyer, 1977) . Indeed it has been found with species of non-rumen bacteria that an ATP nuclease can be activated in circumstances of P deficiency and the ribose phosphate produced used for nucleic acid synthesis (Chapman & Atkinson, 1977) . Other adaptive mechanisms contributing to P salvage in order to maintain nucleic acid synthesis have also been reported (Barsdate et al. 1974 ). Reduced microbial-N flow at the duodenum of lambs and sheep receiving P-depleted diets has been reported (Breves et al. 1985; Durand et al. 19833 ) but the effect of P depletion on growth yield is uncertain, having been variously reported as having no or a reducing effect (Durand et al. 1983b; Durand et al. 1986 ). In the present work, although there was a reduction in microbial growth at low e concentrations, no evidence of reduced efficiency of microbial protein synthesis was observed at any level of 5.
In terms of P requirements of the rumen microbial population our results have shown a different requirement for cellulose digestion and for protein synthesis. For cellulose digestion, maximum activity appears to occur at P, concentrations between 5 and 25 mg/l but for protein synthesis no effect was observed until Pi concentration fell below 5 mg/l. However, Hungate (1966) suggested that mineral concentrations required for in vitro culture of bacterial cells may be appreciably less than those required in the rumen where more substrate is available for metabolism. It has been suggested that it is unlikely under practical conditions to produce P deficiency in the rumen as far as microbes are concerned (Nel & Moir, 1974) and generally on mixed diets, rumen pi concentrations are high (> 200 mg/l) (Garton, 1951; Bennink et al. 1978) . However, with all-roughage diets, even of reasonable quality, rumen concentrations can be below 50 mg/l. Although salivary P generally contributes over 60% of the soluble P in the rumen (Wadsworth, 1977) , and may balance short-term dietary P deficiencies, it must be borne in mind that the physical form and composition of the diet can markedly affect salivary output (Lawlor et al. 1966; Tomas, 1974; Wilson &Tribe, 1963a, 3) and dietary P would make a more substantial initial contribution to rumen concentrations. Thus, logically, dietary intake over prolonged periods would ultimately be the prime factor in determining Q concentrations in the rumen. Recommended intakes vary from 1&7-0 g/kg DM but many tropical forages, poor-quality roughages and by-products contain considerably less than 1 g P/kg DM (Smith, 1984; Komisarczuk, 1986) and not all of this will be available in the rumen.
Requirements for protein are generally estimated using the N : P value of bacteria. In the present experiments, the mean N : P value of bacteria harvested from the control vessels was 6.50 in periods 2 and 3. Taking a mean yield of microbial-N synthesized of 30 g N/kg apparently fermented OM the P requirements can be expressed as 4.6 g P/kg apparently fermented OM. This is in the range of 44-6.0 found by other workers (Durand & Kawashima, 1980; Durand et al. 19833; Smith, 1984) .
